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The Great Lakes can seasonally alter local weather patterns with warm lake water contributing to 
significant snowfall in the region during the winter and a reverse effect occurring in the early 
summer when areas near the lakes receive lower precipitation totals than areas further from the 
lakes. While this pattern of precipitation deficits has been observed before, the mechanisms 
behind the deficit have not been deeply investigated. Early summer precipitation at near-shore 
and inland land-based stations are compared under varying conditions. Differences in 
temperature between lake water and overland air temperatures are considered to lead to 
differences in convective processes. This is coupled with analysis of the impact of wind direction 
and wind speed data. These localized effects (within 60 km of the lake) are difficult to separate 
from synoptic weather events, which are likely impacting the results from this study. While 
lower precipitation totals around the lakes are confirmed for the majority of station pairs, further 
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 Large inland bodies of water, such as the Laurentian Great Lakes (the Great Lakes), can 
alter local weather patterns and produce considerable snowfall on leeward lake shores during the 
winter. These lake-effect snow events are well-documented by the literature. According to 
Lavoie (1972), during severe storms, snowfall rates can reach 12 inches per hour (as reported by 
the Environmental Science Services Administration, 1966). Additionally, Holroyd (1971) notes 
that the majority of wintertime lake-effect snow or rain events occurred when the difference 
between the lake surface temperature and the air temperature at 850 mb was greater than 13 ℃. 
In recent decades, greater efforts have been made to improve operational forecasting of these 
extreme weather events (Niziol et al., 1994; Zhao et al., 2012). 
 Lake-effect precipitation patterns during the late spring and early summer months, 
referred to as the ‘stable season,’ are given less attention. Meteorological data obtained from the 
PRISM Climate Group, an online database maintaining climate data for the United States, shows 
average monthly precipitation values over the past three decades (Figure 1). These thirty-year 
normals visually display a pattern of lower precipitation surrounding the United States’ 
shorelines of Lake Ontario and Lake Erie during the months May, June, and July (hereafter 




Figure 1: Images of the northeastern US, depicting average precipitation accumulations (inches) over the past three decades 
during the months of May, June, and July (“PRISM Climate Group,” n.d.). 
Several papers in the academic literature have characterized these lake-effect related 
declines in precipitation. Scott and Huff (1996) note minima precipitation over the Great Lakes 
during the summer as a result of cool lake water temperatures stabilizing the lower atmosphere 
and decreasing convective rainfall. The authors also discuss summertime cloud reductions over 
the lakes and due to lake breezes, over the land near lake shores. The reduction in clouds can be 
attributed to the daytime heating of the land (Scott and Huff, 1996). 
Miner and Fritsch (1997) compare mean monthly precipitation from stations near Lake 
Erie and Lake Ontario (lake stations) to stations located at least 80 km from lake shorelines (non-
lake stations). During early summer months (May for Lake Erie and MJJ for Lake Ontario), 
Miner and Fritsch (1997) found the non-lake stations received more precipitation on average 
than the lake stations. Adapting their findings, Figure 2 shows the average monthly precipitation 
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differences between Oswego (located approximately 1 km from Lake Ontario) and Syracuse 
(located approximately 51 km from Lake Ontario). This comparison revealed five months during 
which average rainfall amounts in Syracuse exceeded Oswego (April, May, June, July, and 
August). 
 
Figure 2: A bar plot showing the average monthly differences in precipitation (inches) between Oswego and Syracuse, using 
data for the years 2002 to 2018 (“CLIMOD2,” n.d.). Positive differences indicate that Oswego (the station closer to Lake 
Ontario) receives more precipitation than Syracuse (the station farther from Lake Ontario), whereas negative differences 
indicate that Syracuse receives more precipitation than Oswego (adapted from Miner and Fritsch, 1997). 
Scott and Huff (1996) also discuss the effects that the Great Lakes can have on mean 
maximum air temperatures during the summer, with temperature differences from 80 km inland 
to Lake Ontario shorelines of 2 ℃ during the day. The difference between cooler, near-shore air 
temperatures and warmer, inland air temperatures occurring during the summer contribute to 
higher rainfall accumulations inland, with maximum deviations of 50 mm (approximately 2 
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inches) in north central Lake Huron, eastern Lake Ontario, and south-central Lake Superior. The 
authors conclude that regions located downwind of one of the Great Lakes (generally east and 
southeast of the lake’s shores) observe the greatest lake influence (Scott and Huff, 1996). 
The temperature differential between water and land drives convective activity as cool, 
dense air over the lake pushes inland and replaces warmer, less-dense air over the land. This type 
of air movement is called a “lake breeze” and can impact near-shore air temperatures. A typical 
textbook description of lake breezes shows air moving from localized, high-pressure zones over 
water toward localized, low-pressure zones over land (Lutgens and Tarbuck, 2004, p. 196). From 
here, air expands and rises over the land, creating clouds and potentially, precipitation (Eichorn, 
2020). Figure 3 illustrates the air movement and pressure zones involved in lake breezes. This 
diagram shows that while cool lake water temperatures may limit convection near the shore of 
the lake, convection may actually increase between the lake and farther inland. 
It is important to note that while local breezes, such as lake breezes, can lead to 
temperature and precipitation variations, there are also larger scale weather patterns occurring 
higher in the atmosphere. These large-scale weather patterns, known as synoptic weather 
patterns, may bring their own rainfall and can be challenging to separate from the meso-β (20 to 
200 km) activity described above. Additionally, lake breezes are not constantly occurring, so it is 
not accurate to attribute all wind activity to lake breezes. While this study attempts to focus on 






Figure 3: Graphic depicting the mechanisms and conditions associated with the development of a lake breeze. Cool air over 
large bodies of water (high pressure zones) moves inland toward warmer air over land (low pressure zones). These air masses 
then expand and rise, creating a convective movement of air (adapted from Lutgens and Tarbuck, 2004, p. 196). 
The literature successfully characterizes a precipitation deficit near the shorelines of the 
Great Lakes during the summer and acknowledges the role of lake temperature and location with 
respect to winds; however, the parameters and methodologies of this study differ from the 
previous literature. For example, Miner and Fritsch (1997) focus on autumn, lake-effect rainfall 
and utilize stations within a 400-km by 400-km area, centered over Buffalo, New York, to 
represent lake-effect locations. The authors average all lake stations for comparison with the 
average of all non-lake stations (Miner and Fritsch, 1997). Scott and Huff (1996) create maps to 
display no-lake-effect conditions, which reflect the anticipated conditions in the region if there 
were no influence from the Great Lakes. The authors then compare these no-lake-effect maps to 
maps which present the observed, seasonal patterns in the region.  
These studies did not consider lake temperature relative to land temperature or variability 
in precipitation due to dominant wind directions. This study directly compares individual stations 
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around Lake Ontario and Lake Erie. Stations are paired regionally, with one station located 
within 15 km of one of the Great Lakes (chosen to represent lake-effect conditions) and a second 
station located between 20 and 60 km (chosen to represent no-lake-effect conditions). Given the 
distinct precipitation deficit within 20 km of shorelines suggested by PRISM, this study focuses 
on these possible smaller scale spatial variations in precipitation. In contrast, studies such as 
Scott and Huff (1996) treated all sites within 80 km of the lakes as being influenced by the lakes. 
This study then uses wind direction and speed as well as air and water temperatures to categorize 
differences in rainfall, in an attempt to gain a more mechanistic understanding of what conditions 
lead to greater inland rainfall versus near-shore rainfall around Lake Ontario and Lake Erie 
during MJJ. 
1.2   Purpose and Significance 
The purpose of this research is to characterize controls on early summer rainfall in the 
eastern Great Lakes region. The work relates lake and air temperature, wind speed, and wind 
direction to spatial variations in the magnitude of rainfall received near-shore relative to farther 
inland. With climate change anticipated to increase air temperatures in the Great Lakes region 
(Mortsch and Quinn, 1996; Zhang et al., 2019), understanding how lake and air temperatures, 
under various conditions, affect regional rainfall patterns during the summer could be useful for 
modeling future conditions. By analyzing how these variables have historically interacted and 
contributed to rainfall, it may be possible to improve prediction of future rainfall patterns and 
improve water management planning. In particular, there are several thousand acres of irrigated 
farmland growing high-value fruits and vegetables in near-shore areas in western and central 
New York. Understanding potential changes in rainfall patterns in these regions could help better 
manage irrigation demands. 
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1.3   Location Description 
The area of interest for this study is the eastern Great Lakes region, specifically the Lake 
Ontario and Lake Erie regions in central and western New York, northern Pennsylvania, and 
Ontario, Canada. Rainfall comparisons are made between paired, land-based stations (one near-
shore station located close to the lake and one inland station located farther from the lake). Data 
from these stations include daily precipitation and average air temperature. Hourly data including 
precipitation, air temperature, and wind speed and direction are available at some stations. 
Section 2 provides additional details regarding land-based station data. Figure 4 depicts the 
geographic locations of the stations analyzed in this study.  
 
Figure 4: A map depicting the location of paired, land-based stations and moored, lake buoys around Lake Ontario and Lake 
Erie, where data was obtained. Paired stations are identified by similar color pallets. Buoy stations are shown in dark gray. 
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1.4   Hypotheses 
As previously mentioned, differences in temperature between inland air and lake water 
can drive convective air movement by creating a pressure gradient. Since it can be assumed that 
lake water cooler than inland air temperatures would lead to more convective activity at inland 
stations, it is hypothesized that a greater temperature differential will lead to a higher difference 
in rainfall between inland and near-shore stations. 
Wind direction is also expected to influence this rainfall differential. When overall wind 
direction is toward the lake relative to the areas of study or when movement is parallel to the 
shoreline, lake temperature would have less influence on precipitation over land, and it is 
therefore assumed that inland stations and near-shore stations will receive similar amounts of 
rainfall. Conversely, it is hypothesized that when wind direction is from the lake, a high rainfall 
differential will be observed between inland stations and near-shore stations. 
To summarize, the following hypotheses are made: 
H1. It is predicted that near-shore stations receive lower, early-summer precipitation totals 
relative to inland stations. 
H2. Inland station precipitation is expected to be greater than near-shore precipitation when 
inland air temperature exceeds the lake water temperature. In this case, stable conditions over 
the lakes minimize near-shore convective processes, but a lake breeze results in rising air 
inland (which may increase the likelihood of precipitation).  
H3. Winds moving inland from the lake are expected to result in greater rainfall variation 
between near-shore and inland stations. When winds do not originate from the lakes, 
precipitation at near-shore and inland stations would be similar.  
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2.   Methods 
2.1   Land-Based Data 
Daily precipitation and average temperature data were obtained from land-based, 
meteorological stations using the CLimate Information for Management and Operational 
Decisions (CLIMOD 2) system, which provides access to Northeast Regional Climate Center 
(NRCC) data. As previously stated, stations were selected as pairs with one station anticipated to 
experience lake-effect conditions and the other station located beyond lake-effect influence. For 
this study, stations located within approximately 15 km of one of the Great Lakes shorelines are 
considered to be impacted by lake-effect conditions.  
This distance is based, in part, on PRISM Climate Group normals, which visually show 
an area of lower precipitation around Lake Ontario and Lake Erie limited to approximately 20 
km in June and July (Figure 1). From the literature, there are a variety of distances used to 
measure lake influence. Gatz and Changnon (as cited by Scott and Huff, 1996) utilized reduced 
visibility around lakes to determine an appropriate distance to measure lake-effect conditions and 
found reduction in visibility to be limited to 10 km of the lake. Lyons (as cited by Scott and 
Huff, 1996) reported lake breeze effects 80 km from Lake Michigan’s shoreline. Finally, 
according to the textbook, The Atmosphere, in the mid-latitudes, where the Great Lakes are 
located, lake breezes typically reach less than 50 km inland (Lutgens and Tarbuck, 2004, p. 196).  
 These reported distances vary substantially. Topography surrounding Lake Ontario and 
Lake Erie was also taken into consideration. Land surface elevations east of Lake Ontario could 
complicate analysis. In an effort to avoid selecting a station where rainfall patterns are largely 
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impacted by topography and to ensure enough available stations for analysis, a distance of 15 km 
was decided to represent the bounds for lake-effect conditions (Table 1), and 20 to 60 km was 
used to bound stations unaffected by lake-effect conditions (Table 2). Finally, paired deletion 
was used to handle missing values, meaning any missing observations for one station was 
removed for the station pair. 
Table 1: A summary of land-based, meteorological stations located within approximately 15 km of one of the Great Lakes and 
considered to be impacted by lake-effect conditions (“CLIMOD2,” n.d.). 
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Table 2: A summary of land-based, meteorological stations located between 20 and 60 km from one of the Great Lakes and 
considered to be unimpacted by lake-effect conditions (“CLIMOD2,” n.d.). 















































2.2   Buoy Data 
Lake water and air temperature data for Lake Ontario and Lake Erie were obtained from 
moored buoy stations, owned and maintained by the National Oceanic and Atmospheric 
Administration’s (NOAA) National Data Buoy Center. Stations with long periods of record and 
minimal missing temperature data were chosen.  
A 2.3-meter foam discus buoy located 20 nautical miles north-northeast of Rochester, NY 
in east Lake Ontario was used to obtain temperature data for Lake Ontario (Station 45012). This 
buoy measures water temperature at 1.3 meters below the water line and air temperature at a 
height of 3.3 meters above the site elevation. The water depth at this location is 140 meters. For 
Lake Erie temperatures, a 2.4-meter foam hull buoy located 16 nautical miles northwest of 
Lorain, OH in west Lake Erie was used (Station 45005). This buoy measures water temperature 
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at 1.6 meters below the water line and air temperature at a height of 3.5 meters above the site 
elevation. The water depth at this location is 9.8 meters (“National Data Buoy Center,” n.d.). 
 Average daily lake water temperatures are generally slightly cooler than average daily air 
temperatures over the lake during MJJ. A comparison between buoy air and water temperatures 
for Lake Ontario during MJJ in 2012 is plotted to show a linear pattern with a correlation 
coefficient of 0.98 (Figure 5). Due to the close relationship between buoy lake and air 
temperatures, as indicated by the high correlation coefficient, it was decided that either buoy 
water temperature or buoy air temperature could be used to compare with inland air 
temperatures; for this study, water temperatures are used. 
 
Figure 5: The relationship between Lake Ontario buoy Station 45012 average daily water and air temperatures during May, 
June, and July (MJJ) for 2012 (“National Data Buoy Center,” n.d.). The correlation coefficient is equal to 0.98. 
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 The lake water temperatures are compared to inland air temperatures as a way to sort 
rainfall events. Lake water temperatures increase slower than air temperatures during MJJ. Miner 
and Fritsch present this temperature lag for Buffalo, NY and Lake Erie during April, May, June, 
and July of 1987, referring to the months as the ‘lake-effect stable season’ (1997). To 
demonstrate this lag, average monthly water temperatures for the years 2002 to 2015 were 
plotted for Lake Ontario (Figure 6) and Lake Erie (Figure 7) in addition to air temperatures at 
one inland station for comparison.  
 
Figure 6: The temperature lag between average water temperatures for Lake Ontario (“National Data Buoy Center,” n.d.) and 
average air temperatures for Syracuse (“CLIMOD2,” n.d.), using data for the years 2002 to 2015 (adapted from Miner and 
Fritsch, 1987). 




Figure 7: This plot (adapted from Miner and Fritsch, 1987) displays the temperature lag between average water temperatures 
for Lake Erie (“National Data Buoy Center,” n.d.) and average air temperatures for Jamestown (“CLIMOD2,” n.d.), using data 
for the years 2002 to 2015. 
 The months used in this study (MJJ) are labeled on these plots as ‘Stable Season.’ During 
these months, there is a distinguishable gap in temperatures for Lake Ontario, with water 
temperatures lower than air temperatures. Lake Erie, however, does not show as prominent a gap 
in temperatures, and in fact, after May, average water temperatures exceed inland air 
temperatures. According to Scott and Huff (1996), Lake Erie is the shallowest of the Great 
Lakes; therefore, Lake Erie is able to warm quicker seasonally, diminishing the temperature gap 
between lake water and inland air.  
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2.3   Raster Data 
Wind data was available as hourly, land-based observations for some stations; however, the 
majority of stations did not collect this data. Therefore, raster surface wind data was obtained 
from the Research Data Archive managed by the National Center for Atmospheric Research 
(Wentz et al., 2016). The raster dataset selected combines cross-calibrated satellite microwave 
winds and instrument observations using Variational Analysis Method (VAM) to produce 
gridded data (0.25° × 0.25°). Wind observations are referenced to a height of 10 meters and are 
estimated every 6 hours. Since winds are presumably strongest at maximum daily heating, data 
for 12:00 PM Eastern Time was used in this analysis. Figure 8 shows areas where raster surface 
wind data was collected for analysis (numbered as Wind Zones 1 to 5). The figure also includes 
arrows indicating the wind directions anticipated to lead to the strongest lake-effect conditions 
for each set of stations. The raster data represents more regional wind patterns. In Section 4, 






Figure 8: A map depicting the areas where raster surface wind data was collected (numbered as Wind Zones 1 to 5) and the 
associated stations they encompass. Arrows indicate wind directions anticipated to lead to strong lake-effect conditions for each 
set of stations. Buoy stations for Lake Ontario and Lake Erie are also depicted in dark gray (Wentz et al., 2016). 
2.4   Statistical Analysis 
Using the datasets previously described in Section 2, rainfall events are categorized by 
temperature differential (the difference between inland air and lake water) and wind direction. 
Cardinal directions are used to categorize winds which have speeds greater than or equal to 2.2 
meters per second (approximately 5 mph). According to the Beaufort Scale, an empirical 
measure of wind intensity, Beaufort number 2 (winds between 4 and 7 mph) is considered a light 
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breeze, capable of moving a wind vane. So, a value within Beaufort number 2 was chosen as a 
threshold for ‘wind’ versus ‘no wind’ conditions (“Beaufort Wind Force Scale,” n.d.). 
Temperature differences between inland air and lake water are divided into four 
categories: temperature difference between -2.5 and 2.5 ℃, temperature difference between 2.5 
and 7.5 ℃, temperature difference greater than 7.5 ℃, and temperature difference less than -2.5 
℃. The first category is thought to represent a small temperature difference, close to zero. Since 
temperature differences (inland air – lake water) are most often positive during MJJ for Lake 
Ontario sites, a second category for a 5 ℃ positive temperature difference was created. To ensure 
that all data was included in analysis, temperature difference categories for above 7.5 ℃ and 
below -2.5 ℃ were added. Due to limitations in buoy data and raster wind data, analysis begins 
in 2002 and ends in 2015. The total magnitude of rainfall for each station and each category is 
summed annually (only including data for MJJ). Then, a Mann-Whitney U Test and a Binomial 
Test are performed on each category to test for significance. For this study, significance is tested 
for differences between stations in the distribution of seasonal rainfall sums within each wind 
direction, wind speed, and temperature differential category. All data manipulation and statistical 
analysis was carried out in R, except for the Binomial Test which was conducted in Excel. 
The non-parametric Mann-Whitney U Test is used to analyze the significance of a 
relationship between two independent variables for datasets which are not normally distributed. 
The data is ranked from smallest to largest, and the ranks are summed for each variable. The test 
statistic (U) is calculated as: 




𝑈2 = 𝑛1𝑛2 + 
𝑛2(𝑛2 + 1)
2
 − 𝑅2 
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U = min(𝑈1, 𝑈2) 
where 𝑈1 is the test statistic for variable 1 (location 1) and 𝑈2 is the test statistic for variable 2 
(location 2), 𝑛1 and 𝑛2 are the number of observations for each location, and 𝑅1 and 𝑅2 are the 
rank sums for each location. The smaller U-value is used as the test statistic. The critical value 
for the test is tabulated (“Mann Whitney U Test,” n.d.) and depends on the number of 
observations for each sample and the level of significance chosen (𝛼).  
For this study, the null hypothesis (𝐻0) states that the two locations receive the same 
amount of rainfall. The alternative hypothesis (𝐻𝐴) states that the two locations receive differing 
amounts of rainfall; therefore, this is a two-tailed test. A significance level of 0.1 was chosen for 
this analysis, since the samples are relatively small (a maximum of 14 years). If the p-value is 
less than 0.1, the null hypothesis is rejected, and the alternative is accepted. If the p-value is 
greater than 0.1, the test fails to reject the null hypothesis, and the two locations are considered to 
receive equal amounts of rainfall under the given conditions. 
The Binomial Test is used to assess whether an experiment that has two possible 
outcomes complies with the expected probability of those outcomes (“Statistics Made Simple,” 
n.d.). In this case, a null hypothesis presumes it is equally likely that both locations will receive 
the same amount of rainfall in a given year under certain wind and temperature conditions. 
Therefore, the null hypothesis presumes 50% of the observations from one location should 
exceed the other location and 50% of the observations should fail to exceed the other location. 
The probabilities of the observations are calculated as: 
 P(B = k) = (
𝑛
𝑘
)𝑝𝑘(1 − 𝑝)𝑛−𝑘 
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where k is the number of successes, n is the number of observations, and p is the hypothesized 
probability of a success in a single trial. A two-tailed p-value of 0.1 is also used for this test to 
determine whether differences in rainfall between two locations are significant. From this test, it 
is possible to determine which station receives more rainfall more often. 
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3.   Results 
 This section presents the results for the six pairs of stations. If the conditions for a 
category were not met for a certain year, that year was not counted as an observation. Only 
categories with greater than ten years (observations) were considered to ensure a large enough 
sample size (Zaiontz, n.d.); categories with ten or less than ten observations are labeled as ‘NA.’ 
Total rainfall sums for each set of paired stations over the 14-year period (2002 to 2015) can be 
found in the Appendix. The tables in this section show the significance (as p-values) of the 
Mann-Whitney U Test and Binomial Test performed on the seasonal sums (MJJ) within each 
temperature differential and wind direction category for each pair of stations. For the Mann-
Whitney U Test, cells highlighted in yellow indicate a significant p-value (less than 0.1) and 
thus, rejection of the null hypothesis that the two locations receive equal amounts of rainfall. For 
the Binomial Test, highlighted cells represent a significant p-value (less than 0.1), with green 
indicating that the number of years that the inland station rainfall exceeded the near-shore station 
rainfall is significant and gray indicating that the number of years that the near-shore station 
rainfall exceeded the inland station rainfall is significant.  
3.1   Lowville and Watertown 
  The annual precipitation sums for Lowville and Watertown are shown in Figure 9. Over 
the 14-year period, during MJJ, Lowville received 141.4 inches of rain and Watertown received 
115.8 inches of rain, a difference of 25.6 inches. Lowville has greater MJJ precipitation in 12 of 
the 14 years. As shown in Figure 8, Lowville and Watertown are located east-northeast of Lake 
Ontario. Therefore, west winds would be needed to move air masses from the lake to the land. 
Presence of these winds when the lake is cooler than the inland air is anticipated to create the 
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greatest difference in rainfall between the two stations. It should also be noted that Lowville is 
located in a valley northeast of an elevated region known as the Tug Hill Plateau. The elevational 
difference between the plateau and the valley is approximately 1,000 feet. 
 
Figure 9: Total precipitation (inches) for Lowville and Watertown during May, June, and July (MJJ) for the years 2002 to 2015 
(“CLIMOD2,” n.d.). 
 Table 3 summarizes the number of rainfall events for each station by rainfall differential 
and wind direction category. The results for Lowville and Watertown are presented in Table 4 
(Mann-Whitney U Test) and Table 5 (Binomial Test). For both tests, significant differences are 
only seen when lake water temperatures are near or below air temperatures. Based on the Mann-
Whitney U Test, there is a significant difference in rainfall totals for all cases when wind is from 
the west and two of three temperature differentials when wind is from the north. Based on the 
Binomial Test, there is significant difference in the number of years Lowville (the inland station) 
22 
 
receives more rainfall than Watertown (the near-shore station) when wind is from the west and 
north. The Binomial Test also shows there is significant difference in the number of years 
Watertown receives more rainfall than Lowville when wind is from the east and south. 
Table 3: The number of rainfall events (days where rainfall exceeds 0 inches) for each rainfall differential and wind direction 
category. Light blue represents Watertown (the near-shore station), and dark blue represents Lowville (the inland station). 
Rainfall Events -2.5 < ∆T < 2.5 
(℃) 
2.5 < ∆T < 7.5 
(℃) 
∆T > 7.5 (℃) ∆T < -2.5 (℃) 
North wind 7 28 26 12 46 30 5 7 
East wind 9 21 10 7 7 3 40 44 
South wind 6 24 1 2 36 58 24 18 
West wind 1 8 76 37 42 51 21 18 
No wind (< 2.2 m/s) 19 6 45 26 33 42 4 8 
 
Table 4: The results (p-values) of the Mann-Whitney U Test for Lowville and Watertown. Given the position of the stations 




-2.5 < ∆T < 2.5 
(℃) 
2.5 < ∆T < 7.5 
(℃) 
∆T > 7.5 (℃) ∆T < -2.5 (℃) 
North wind 0.0597 0.0479 0.1064 NA 
East wind 0.0218 0.4131 NA NA 
South wind 0.0014 0.0594 0.3823 NA 
West wind 0.0203 0.0131 0.0729 NA 
No wind (< 2.2 m/s) 0.2231 0.4311 0.7170 0.1235 
Table 5: The results (p-values) of the Binomial Test for Lowville and Watertown. Given the position of the stations relative to 
Lake Ontario, a west wind was presumed to cause the greatest difference between stations. Green indicates that the inland 
station exceeded the near-shore station in rainfall for a significant number of years. Gray indicates that the near-shore station 
exceeded the inland station in rainfall for a significant number of years. 
Binomial Test -2.5 < ∆T < 2.5 
(℃) 
2.5 < ∆T < 7.5 
(℃) 
∆T > 7.5 (℃) ∆T < -2.5 (℃) 
North wind 0.1208 0.0537 0.0806 NA 
East wind 0.0161 0.0537 NA NA 
South wind 0.0056 0.0056 0.1222 NA 
West wind 0.0056 0.0009 0.0056 NA 
No wind (< 2.2 m/s) 0.2095 0.0611 0.1571 0.2095 
 A decline in near-shore precipitation relative to inland precipitation during periods of 
west winds when the lake is cool is consistent with H2 and H3 (dominant winds inland from a 
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cool lake would transport minimal moisture to near-shore areas). Given the presence of a nearly 
3-mile-wide section of the St. Lawrence River north of Watertown, it is likely that north winds 
include some movement of air from over the St Lawrence. Also shown by the Mann-Whitney 
and Binomial tests are that Watertown rainfall often exceeds Lowville rainfall during east and 
south winds. During east and south winds, similar rainfall amounts between the stations would 
be expected, not higher amounts at Watertown. Potential reasons for this will be discussed in 
Section 4. 
3.2   Syracuse and Oswego 
 The annual precipitation sums for Syracuse and Oswego are shown in Figure 10. 
Syracuse received a total of 149.1 inches of rainfall and Oswego received 131.6 inches of rainfall 
during MJJ between 2002 and 2015, a difference of 17.5 inches. Syracuse has greater MJJ 
rainfall in 9 out of 14 years. Syracuse and Oswego are located on the southeast corner of Lake 
Ontario, so it is anticipated that north and west winds will result in the greatest difference in 




Figure 10: Total precipitation (inches) for Syracuse and Oswego during May, June, and July (MJJ) for the years 2002 to 2015 
(“CLIMOD2,” n.d.). 
 Table 6 summarizes the number of rainfall events for each station by rainfall differential 
and wind direction category. The results for Syracuse and Oswego are presented in Table 7 
(Mann-Whitney U Test) and Table 8 (Binomial Test). The results of the Mann-Whitney U Test 
show few significant differences in rainfall across the years. The only category which generated 
a significant result was under wind conditions less than 2.2 m/s and inland air and lake water 
temperature differences greater than 7.5 ℃. The Binomial Test results in significant differences 
for east and south wind categories. These significant results indicate that Syracuse (the inland 
station) receives more rainfall than Oswego (the near-shore station) and occur at temperature 
differentials between -2.5 and 2.5 ℃ and greater than 7.5 ℃, which is consistent with H2. Winds 
from the east and south move from over land rather than from the lake, so these results do not 
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agree with H3. It is possible that other variables are involved in producing the rainfall deficit 
observed in Oswego, which will be discussed in Section 4. 
Table 6: The number of rainfall events (days where rainfall exceeds 0 inches) for each rainfall differential and wind direction 
category. Light blue represents Oswego (the near-shore station), and dark blue represents Syracuse (the inland station). 
Rainfall Events -2.5 < ∆T < 2.5 
(℃) 
2.5 < ∆T < 7.5 
(℃) 
∆T > 7.5 (℃) ∆T < -2.5 (℃) 
North wind 15 8 16 19 61 76 0 0 
East wind 14 12 12 14 0 0 20 25 
South wind 13 11 2 2 32 26 26 39 
West wind 0 1 28 33 60 53 12 22 
No wind (< 2.2 m/s) 8 11 57 61 58 47 1 1 
Table 7: The results (p-values) of the Mann-Whitney U Test for Syracuse and Oswego. Given the position of the stations relative 




-2.5 < ∆T < 2.5 
(℃) 
2.5 < ∆T < 7.5 
(℃) 
∆T > 7.5 (℃) ∆T < -2.5 (℃) 
North wind 0.4632 0.8144 NA NA 
East wind 0.1270 NA 0.6435 NA 
South wind 0.3120 0.5409 0.5656 NA 
West wind 0.2210 0.7828 0.3825 NA 
No wind (< 2.2 m/s) 0.8482 0.2505 0.0554 NA 
Table 8: The results (p-values) of the Binomial Test for Syracuse and Oswego. Given the position of the stations relative to Lake 
Ontario, north and west winds were presumed to cause the greatest difference between stations. Green indicates that the inland 
station exceeded the near-shore station in rainfall for a significant number of years. Gray indicates that the near-shore station 
exceeded the inland station in rainfall for a significant number of years. 
Binomial Test -2.5 < ∆T < 2.5 
(℃) 
2.5 < ∆T < 7.5 
(℃) 
∆T > 7.5 (℃) ∆T < -2.5 (℃) 
North wind 0.2095 0.0349 NA NA 
East wind 0.0806 NA 0.2256 NA 
South wind 0.0222 0.1222 0.0611 NA 
West wind 0.0222 0.1222 0.0611 NA 
No wind (< 2.2 m/s) 0.1222 0.1222 0.1222 NA 
3.3   Batavia and Albion 
 The annual precipitation sums for Batavia and Albion are shown in Figure 11. Batavia 
received a total of 137.0 inches of rainfall and Albion received 123.0 inches of rainfall during 
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MJJ between 2002 and 2015, a difference of 14.0 inches. Batavia received greater MJJ 
precipitation in 10 out of the 14 years. Batavia and Albion are located south of Lake Ontario and 
northeast of Lake Erie. It is anticipated that north winds will result in the greatest difference in 
rainfall between the stations. 
 
Figure 11: Total precipitation (inches) for Batavia and Albion during May, June, and July (MJJ) for the years 2002 to 2015 
(“CLIMOD2,” n.d.). 
 Table 9 summarizes the number of rainfall events for each station by rainfall differential 
and wind direction category. The results for Batavia and Albion are presented in Table 10 
(Mann-Whitney U Test) and Table 11 (Binomial Test). The Mann-Whitney U Test did not yield 
any significant differences. Based on the Binomial Test, there is a significant difference in the 
number of years Batavia (the inland station) receives more rainfall than Albion (the near-shore 
station) when wind is from the west with a temperature differential between 2.5 and 7.5 ℃. 
27 
 
Batavia receiving significantly more rainfall than Albion for this temperature differential 
category is consistent with H2. This precipitation differential due to a west wind, however, is not 
consistent with H3. One possible explanation for west winds producing these results is the 
influence of Lake Erie on Albion, which is located less than 70 km northeast of Lake Erie’s 
shoreline. Based on the Binomial Test, Albion receives significantly more rainfall than Batavia 
during years when there is a south wind and temperature differential between -2.5 and 2.5 ℃ and 
2.5 and 7.5 ℃. Further discussion can be found in Section 4. 
Table 9: The number of rainfall events (days where rainfall exceeds 0 inches) for each rainfall differential and wind direction 
category. Light blue represents Albion (the near-shore station), and dark blue represents Batavia (the inland station). 
Rainfall Events -2.5 < ∆T < 2.5 
(℃) 
2.5 < ∆T < 7.5 
(℃) 
∆T > 7.5 (℃) ∆T < -2.5 (℃) 
North wind 11 17 18 20 37 35 1 2 
East wind 14 14 7 11 0 0 18 23 
South wind 13 18 0 1 32 43 18 25 
West wind 1 0 23 21 64 79 21 23 
No wind (< 2.2 m/s) 9 6 35 35 46 57 1 2 
Table 10: The results (p-values) of the Mann-Whitney U Test for Batavia and Albion. Given the position of the stations relative to 
Lake Ontario, a north wind was presumed to cause the greatest difference between stations. Yellow indicates a significant result. 
Mann-Whitney U 
Test 
-2.5 < ∆T < 2.5 
(℃) 
2.5 < ∆T < 7.5 
(℃) 
∆T > 7.5 (℃) ∆T < -2.5 (℃) 
North wind 0.3517 0.8838 NA NA 
East wind NA 0.5969 0.5403 NA 
South wind 0.4724 0.5724 0.9795 NA 
West wind 0.8361 0.3951 0.5788 NA 




Table 11: The results (p-values) of the Binomial Test for Batavia and Albion. Given the position of the stations relative to Lake 
Ontario, a north wind was presumed to cause the greatest difference between stations. Green indicates that the inland station 
exceeded the near-shore station in rainfall for a significant number of years. Gray indicates that the near-shore station exceeded 
the inland station in rainfall for a significant number of years. 
Binomial Test -2.5 < ∆T < 2.5 
(℃) 
2.5 < ∆T < 7.5 
(℃) 
∆T > 7.5 (℃) ∆T < -2.5 (℃) 
North wind 0.1208 0.1934 NA NA 
East wind NA 0.1611 0.1934 NA 
South wind 0.0873 0.0873 0.1571 NA 
West wind 0.2095 0.0611 0.2095 NA 
No wind (< 2.2 m/s) 0.2095 0.1571 0.2095 NA 
3.4   Niagara and Youngstown 
 The annual precipitation sums for Niagara and Youngstown are shown in Figure 12. 
Niagara received a total of 118.2 inches of rainfall and Youngstown received 120.3 inches of 
rainfall during MJJ between 2002 and 2015, a difference of only 2.1 inches. Youngstown (the 
near-shore station) actually received more total rainfall than Niagara (the inland station) during 
MJJ over the 14-year period and received greater MJJ precipitation in 8 out of the 14 years. 
Although these results do not agree with H1, it is still possible that the statistical tests will 
support H2 and H3. This area is unique in that it is located on a strip of land (approximately 45 
km wide) between two of the Great Lakes, with Lake Ontario to the north and Lake Erie to the 
south. Youngstown is situated approximately 1 km off the south shore of Lake Ontario; 
therefore, lake temperatures for Lake Ontario were used for this analysis, and it is anticipated 




Figure 12: Total precipitation (inches) for Niagara and Youngstown during May, June, and July (MJJ) for the years 2002 to 
2015 (“CLIMOD2,” n.d.). 
 Table 12 summarizes the number of rainfall events for each station by rainfall differential 
and wind direction category. The results for Niagara and Youngstown are presented in Table 13 
(Mann-Whitney U Test) and Table 14 (Binomial Test). The Mann-Whitney U Test and the 
Binomial Test both showed significant differences during south wind and ‘no wind’ conditions 
with temperature differentials between -2.5 and 2.5 ℃. The Binomial Test indicates that under 
these conditions, Niagara receives more rainfall than Youngstown. While consistent with H2, 
these results are not consistent with H3. Additionally, during a north wind when the lake is more 
than 7.5 ℃ cooler than the inland air temperature and a west wind when the lake is between -2.5 
to 2.5 ℃ and 2.5 to 7.5 ℃ cooler than the inland air temperature, both tests show significant 
results. The Binomial Test indicates that Youngstown actually receives more rainfall than 
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Niagara under these conditions. It is likely that Lake Erie is influencing these stations. This will 
be further discussed in Section 4.  
Table 12: The number of rainfall events (days where rainfall exceeds 0 inches) for each rainfall differential and wind direction 
category. Light blue represents Youngstown (the near-shore station), and dark blue represents Niagara (the inland station). 
Rainfall Events -2.5 < ∆T < 2.5 
(℃) 
2.5 < ∆T < 7.5 
(℃) 
∆T > 7.5 (℃) ∆T < -2.5 (℃) 
North wind 19 14 12 16 35 52 1 1 
East wind 22 13 9 14 0 1 23 31 
South wind 15 3 0 1 54 45 32 27 
West wind 2 1 15 28 73 54 29 28 
No wind (< 2.2 m/s) 12 16 25 42 50 38 1 1 
Table 13: The results (p-values) of the Mann-Whitney U Test for Niagara and Youngstown. Given the position of the stations 




-2.5 < ∆T < 2.5 
(℃) 
2.5 < ∆T < 7.5 
(℃) 
∆T > 7.5 (℃) ∆T < -2.5 (℃) 
North wind 0.4693 0.1568 0.0157 NA 
East wind 0.1078 0.1413 0.0813 NA 
South wind 0.0099 0.2595 0.2699 NA 
West wind 0.0497 0.0345 0.2905 NA 
No wind (< 2.2 m/s) 0.0746 0.6952 0.8770 NA 
Table 14: The results (p-values) of the Binomial Test for Niagara and Youngstown. Given the position of the stations relative to 
Lake Ontario, a north wind was presumed to cause the greatest difference between stations. Green indicates that the inland 
station exceeded the near-shore station in rainfall for a significant number of years. Gray indicates that the near-shore station 
exceeded the inland station in rainfall for a significant number of years. 
Binomial Test -2.5 < ∆T < 2.5 
(℃) 
2.5 < ∆T < 7.5 
(℃) 
∆T > 7.5 (℃) ∆T < -2.5 (℃) 
North wind 0.2256 0.0269 0.0005 NA 
East wind 0.1208 0.0537 0.1222 NA 
South wind 0.0056 0.1222 0.1222 NA 
West wind 0.0222 0.0056 0.0611 NA 





3.5   Niagara and Fort Erie 
 The annual precipitation sums for Niagara and Fort Erie are shown in Figure 13. Niagara 
received a total of 129.9 inches of rainfall and Fort Erie received 145.6 inches of rainfall during 
MJJ between 2002 and 2015, a difference of 15.7 inches. Fort Erie (the near-shore station) 
received more total rainfall than Niagara (the inland station) during MJJ over the 14-year period 
and received greater MJJ precipitation in 9 out of the 14 years. Although these results do not 
agree with H1, it is still possible that the statistical tests will support H2 and H3. Fort Erie is 
situated approximately 1 km off the north shore of Lake Erie; therefore, lake temperatures for 
Lake Erie were used for this analysis, and it is anticipated that south winds will result in the 
greatest difference in rainfall between the stations. 
 




 Table 15 summarizes the number of rainfall events for each station by rainfall differential 
and wind direction category. The results for Niagara and Fort Erie are presented in Table 16 
(Mann-Whitney U Test) and Table 17 (Binomial Test). There are no conditions resulting in 
significant rainfall differences between locations from the Mann-Whitney U Test. The Binomial 
Test indicates that Fort Erie receives more precipitation than Niagara during north, east, south, 
and ‘no wind’ conditions and during all three temperature differential categories tested. These 
results do not appear to be consistent with H2 or H3. It may be necessary to analyze air 
temperature differences between Fort Erie and Niagara during these months to better understand 
what might be causing these results. Further discussion can be found in Section 4. 
Table 15: The number of rainfall events (days where rainfall exceeds 0 inches) for each rainfall differential and wind direction 
category. Light blue represents Fort Erie (the near-shore station), and dark blue represents Niagara (the inland station). 
Rainfall Events -2.5 < ∆T < 2.5 
(℃) 
2.5 < ∆T < 7.5 
(℃) 
∆T > 7.5 (℃) ∆T < -2.5 (℃) 
North wind 12 18 10 8 8 9 25 34 
East wind 2 1 0 0 11 11 55 50 
South wind 0 0 13 12 96 98 22 20 
West wind 9 10 70 69 21 27 2 1 
No wind (< 2.2 m/s) 40 35 47 51 2 2 18 17 
Table 16: The results (p-values) of the Mann-Whitney U Test for Niagara and Fort Erie. Given the position of the stations 




-2.5 < ∆T < 2.5 
(℃) 
2.5 < ∆T < 7.5 
(℃) 
∆T > 7.5 (℃) ∆T < -2.5 (℃) 
North wind 0.4515 NA NA 0.6271 
East wind 0.7388 0.4827 NA 0.6438 
South wind 0.5199 0.3120 NA 0.6448 
West wind 0.8361 0.2592 NA 0.7301 





Table 17: The results (p-values) of the Binomial Test for Niagara and Fort Erie. Given the position of the stations relative to 
Lake Erie, a south wind was presumed to cause the greatest difference between stations. Green indicates that the inland station 
exceeded the near-shore station in rainfall for a significant number of years. Gray indicates that the near-shore station exceeded 
the inland station in rainfall for a significant number of years. 
Binomial Test -2.5 < ∆T < 2.5 
(℃) 
2.5 < ∆T < 7.5 
(℃) 
∆T > 7.5 (℃) ∆T < -2.5 (℃) 
North wind 0.1222 NA NA 0.0029 
East wind 0.1571 0.0029 NA 0.0269 
South wind 0.1222 0.0611 NA 0.1611 
West wind 0.1833 0.1222 NA 0.1833 
No wind (< 2.2 m/s) 0.0611 0.0611 NA 0.1833 
3.6   Jamestown and Erie 
 The annual precipitation sums for Jamestown and Erie, PA are shown in Figure 14. 
Jamestown received a total of 205.7 inches of rainfall and Erie received 159.6 inches of rainfall 
during MJJ between 2002 and 2015, a difference of 46.1 inches. Jamestown (the inland station) 
received greater MJJ precipitation in 11 out of the 14 years. Erie, PA is located on the south 
shore of Lake Erie, so it is anticipated that north winds will result in the greatest difference in 




Figure 14: Total precipitation (inches) for Jamestown and Erie during May, June, and July (MJJ) for the years 2002 to 2015 
(“CLIMOD2,” n.d.). 
 Table 18 summarizes the number of rainfall events for each station by rainfall differential 
and wind direction category. The results for Jamestown and Erie are presented in Table 19 
(Mann-Whitney U Test) and Table 20 (Binomial Test). The Mann-Whitney U Test and the 
Binomial Test both showed significant results during a north and west wind for most temperature 
differential categories; the Binomial Test indicates that these results represent Jamestown 
receiving more rainfall than Erie. North and west winds are both likely to move air from the lake 
toward the land, so these results support H3; however, significant results indicating that 
Jamestown received more rainfall than Erie when lake water temperatures were warmer than 
inland air temperatures is not consistent with H2. These tests also showed that Erie received 
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more rainfall than Jamestown during a south wind. Potential reasons for this will be discussed in 
Section 4. 
Table 18: The number of rainfall events (days where rainfall exceeds 0 inches) for each rainfall differential and wind direction 
category. Light blue represents Erie (the near-shore station), and dark blue represents Jamestown (the inland station). 
Rainfall Events -2.5 < ∆T < 2.5 
(℃) 
2.5 < ∆T < 7.5 
(℃) 
∆T > 7.5 (℃) ∆T < -2.5 (℃) 
North wind 25 46 17 16 15 7 36 49 
East wind 4 12 2 2 29 14 38 41 
South wind 3 3 9 8 77 106 16 19 
West wind 2 15 84 53 45 56 4 3 
No wind (< 2.2 m/s) 29 27 55 31 6 5 13 27 
Table 19: The results (p-values) of the Mann-Whitney U Test for Jamestown and Erie. Given the position of the stations relative 
to Lake Erie, a north wind was presumed to cause the greatest difference between stations. Yellow indicates a significant result. 
Mann-Whitney U 
Test 
-2.5 < ∆T < 2.5 
(℃) 
2.5 < ∆T < 7.5 
(℃) 
∆T > 7.5 (℃) ∆T < -2.5 (℃) 
North wind 0.0009 0.0419 NA 0.0016 
East wind 0.1902 0.4073 NA 0.9743 
South wind 0.0660 0.0258 NA 0.0839 
West wind 0.0767 0.0035 NA 0.3116 
No wind (< 2.2 m/s) 0.5656 0.3566 NA 0.0489 
Table 20: The results (p-values) of the Binomial Test for Jamestown and Erie. Given the position of the stations relative to Lake 
Erie, a north wind was presumed to cause the greatest difference between stations. Green indicates that the inland station 
exceeded the near-shore station in rainfall for a significant number of years. Gray indicates that the near-shore station exceeded 
the inland station in rainfall for a significant number of years. 
Binomial Test -2.5 < ∆T < 2.5 
(℃) 
2.5 < ∆T < 7.5 
(℃) 
∆T > 7.5 (℃) ∆T < -2.5 (℃) 
North wind 0.0009 0.1611 NA 0.0873 
East wind 0.1222 0.0349 NA 0.1208 
South wind 0.0222 0.0056 NA 0.1222 
West wind 0.0222 0.0009 NA 0.1833 





4.   Discussion 
 The results presented in this study vary depending on location. Four of the six station 
pairs met the conditions of H1, which predicts that near-shore stations receive lower summer 
precipitation totals relative to inland stations; however, Niagara received less rainfall than both 
of its station pairs to the north and south. To summarize the findings for H2 and H3, it is 
necessary to examine Lake Ontario and Lake Erie sites separately, since these lakes vary in size 
and depth, impacting the magnitude to which they warm during MJJ. A general summary of 
which station pairs met the hypotheses is presented in Table 15. From this table, it appears that a 
positive difference between inland air and lake water temperatures is a stronger control on 
rainfall differences for Lake Ontario sites than inland winds. 
Table 21: This table displays a general summary of which hypotheses each of the station pairs met. A checkmark signifies that 
the stations met the hypothesis, and an ‘X’ signifies that the stations did not meet the hypothesis. 
 H2. Temperature H3. Winds 
Lowville and Watertown ✓  ✓  
Syracuse and Oswego 
✓    x 
Batavia and Albion 
✓    x 
Niagara and Youngstown 
✓    x 
Niagara and Fort Erie   x   x 
Jamestown and Erie   x ✓  
4.1   Lake Ontario Sites 
 Lake Ontario sites (Lowville and Watertown, Syracuse and Oswego, Batavia and Albion, 
and Niagara and Youngstown) appear to show the majority of significant results between -2.5 
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and 7.5 ℃. These results are consistent with H2, which predicts significant rainfall differences 
occurring when inland air temperatures are greater than water temperatures. The relationship 
between wind and rainfall, however, was more varied. For example, Lowville and Watertown 
tended to show greater rainfall at the inland station during a west wind, as predicted; however, 
rainfall at the near-shore station exceeded rainfall at the inland station during east and south 
winds. This observation was not isolated to this pair of stations. Albion and Batavia also showed 
that a wind moving toward the lake resulted in the near-shore station receiving more rainfall than 
the inland station. 
 One possible explanation for higher rainfall at near-shore stations (when winds are 
moving toward the lake) is that the region is experiencing synoptic-scale weather. These larger 
weather patterns, covering distances between 100 and 5,000 km (Lutgens and Tarbuck, 2004, p. 
193), may not be accurately captured by the wind data used in this analysis, which is referenced 
to 10 meters. In the case of Batavia and Albion, it is also possible that Albion is being influenced 
by Lake Erie in addition to Lake Ontario.  
 As previously mentioned in Section 3, it is thought that Lake Erie may impact Albion by 
increasing convective rainfall during west winds, thus expanding the rainfall gap between 
Batavia and Albion. During southwest winds, Albion could receive weather from Lake Erie that 
might not impact Batavia. Since Batavia and Albion are located in close proximity to both Lake 
Ontario and Lake Erie, it is difficult to separate their influences on rainfall at these two locations. 
 Similarly, Niagara and Youngstown are also likely to be influenced by the two lakes. 
Scott and Huff (1996) note that the convergence of lake breezes in the Upper Peninsula of 
Michigan could be the cause of a 10% increase in rainfall. It is possible that there is a similar 
mechanism occurring on the strip of land between Lake Ontario and Lake Erie, resulting in 
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heavy rainfall across the entire area. The relatively small distance separating each of these 
stations should also be taken into consideration. Since the entire strip of land is approximately 45 
km wide, there is not much of a buffer between the two lake-effect sites (Youngstown and Fort 
Erie). Based on the methodology created by Miner and Fritsch (1997), all three of these stations 
(Youngstown, Fort Erie, and Niagara) would be regarded as lake stations.  
 Finally, Syracuse and Oswego, located on the southeast corner of Lake Ontario, may 
require further study. The results from the Binomial Test indicate that north and west winds, 
anticipated to lead to greater rainfall in Syracuse, actually led to the opposite. It is possible that 
lake and land temperatures interact differently at such a location. 
4.2   Lake Erie Sites 
 Lake Erie sites (Niagara and Fort Erie and Jamestown and Erie) showed significance in 
all categories except for temperature differences greater than 7.5 ℃. It should be noted that 
significant results for Lake Erie sites occurred at negative temperature differences (when Lake 
Erie water temperature exceeded inland air temperature); which according to Figure 7, occurs, on 
average, during June and July.  
 The only significant results for Fort Erie and Niagara were indicative of the near-shore 
station receiving more rainfall than the inland station. This is in contradiction to H1; however, 
Niagara is likely impacted by both Lake Ontario and Lake Erie, as previously mentioned. Further 
study on how the lakes impact temperatures at these locations would be necessary to dissect the 
mechanisms involved in precipitation. Finally, Jamestown and Erie appear to meet the 
expectations of H3, with Jamestown receiving more rainfall than Erie during west and north 
winds; both of which could be responsible for moving air from Lake Erie to these locations. This 
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pair also shows the same pattern, previously described, where the near-shore station receives 
more rainfall than the inland station during wind conditions which move toward the lake relative 
to the sites. 
4.3   Confounding Variables 
 Elevation could be a confounding variable for some of the sites. For example, land east of 
Lake Ontario experiences increases in elevation across a region known as the Tug Hill Plateau. 
Increasing elevation means decreases in average temperatures and also forces air to rise, leading 
to precipitation (e.g., an orographic effect). If air temperatures over the land remain close to the 
temperature of the lake during the summer, there will likely be less convective activity between 
the lake and the inland site. Therefore, rainfall differences between inland and near-shore 
stations may not be significant or may be difficult to relate to temperature differentials and wind 
direction due to the masking presence of land features. Station pairs which may be influenced by 
elevational changes include Lowville and Watertown, Syracuse and Oswego, and Jamestown and 




Figure 15: A topographic map depicting terrain and differences in elevation for the eastern Great Lakes region. Colored dots 
represent the sites analyzed in this study. 
 An additional confounding variable could be the northern Great Lakes (Lake Huron, 
Lake Michigan, and Lake Superior). These lakes could impact air masses moving toward the 
locations in this study. A synoptic-scale analysis would be necessary, in addition to the 
mesoscale study presented in this paper. Grover and Sousounis (2002) discuss synoptic 
climatology of the Great Lakes Basin and identify some mechanisms involved in increasing 
autumn rainfall which include a strong subtropical jet, increased moisture in the southwestern 
US, and a strong southerly flow leading to warm advection. Notaro and Holman (2013) note that 
one of the most significant synoptic contributions of the Great Lakes is a weakening of 
anticyclones during the cold seasons and conversely, a strengthening of anticyclones during the 
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warm seasons. In order to evaluate synoptic contributions to summer rainfall variation in the 
eastern Great Lakes region, it is critical to understand how atmospheric conditions throughout 
the Great Lakes Basin and across the US contribute to synoptic weather patterns. 
4.4   Future Research 
 Potential future research should not be limited to the datasets obtained for analysis in this 
paper. Other sources for lake water temperatures could provide a more accurate lake temperature 
measure. Buoy stations only provide temperatures for one location on the lake, and since the 
depth of the lake varies, this temperature is likely not representative of the entire lake. It would 
be interesting to compare the results in this paper with results using some form of reanalysis 
surface water temperature data.  
 On this subject, various alternative sources of wind data could also be assessed. For 
example, hourly wind data is available for some sites and could be used to compare with raster 
data. Wind rose plots can be used to compare winds from multiple sources of data. Hourly 
observational wind data for two of the near-shore stations and the corresponding raster surface 
wind data is compared in Figures 16-19. For this comparison, observational data and raster data 
for 12:00 PM Eastern Time was used. These plots show wind direction as a percentage and also 
display wind speed as colored bars. Wind direction is measured in degrees from 0 to 360. Winds 
greater than 315 degrees and less than 45 degrees are considered north winds. Winds between 45 
degrees and 135 degrees are considered east winds. Winds between 135 degrees and 225 degrees 
are considered south winds. Finally, winds between 225 degrees and 315 degrees are considered 
west winds.  
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 All of these plots show a general west wind dominance; however, observational and 
raster data do still appear to differ. For example, while Wind Zone 1 raster data and Watertown 
Airport station data show similar total percentages for cardinal wind directions (as specified 
above), station data for west winds strongly favors wind directions close to 225 degrees; whereas 
raster data shows a more even distribution of west wind degrees. Similarly, when comparing 
Oswego station data with Wind Zone 2 raster data for west winds, station data strongly favors 
wind directions close to 270 degrees; whereas raster data, once again, shows a more even 
distribution of west wind degrees. 
 
Figure 16: This plot displays wind direction (percentage) and speed for Wind Zone 1 (Watertown and Lowville) during May, 




Figure 17: This plot displays wind direction (percentage) and speed for Wind Zone 2 (Oswego and Syracuse) during May, June, 
and July of 2002 to 2015.  
 
Figure 18: This plot displays wind direction (percentage) and speed for observational wind data from the Watertown Airport 





Figure 19: This plot displays wind direction (percentage) and speed for observational wind data from the Oswego ground-based, 
meteorological station during May, June, and July of 2002 to 2015. 
 In addition to changing sources of data, extending this analysis to other months could 
help validate that early summer observations are indeed driven by air-lake temperature 
differences. It could be interesting to compare data for MJJ with data for August, September, and 
October at the same sites. According to Miner and Fritsch (1997), lake-effect rainfall (producing 
more rainfall near the lake in comparison to farther inland) typically begins in late September. 
 To start, this analysis was conducted for Lowville and Watertown as well as Syracuse 
and Oswego. Since the lake is often warmer than the air during these months, categories for 
temperature differences were adjusted: temperature difference between -2.5 and 2.5 ℃, 
temperature difference between -2.5 and -7.5 ℃, temperature difference less than -7.5 ℃, and 
temperature difference greater than 2.5 ℃. Table 16 shows the results of a Mann-Whitney U Test 
and Table 17 shows the results of a Binomial Test performed on seasonal rainfall sums for 
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Lowville and Watertown during the months of August, September, and October. Table 18 shows 
the results of a Mann-Whitney U Test and Table 19 shows the results of a Binomial Test 
performed on seasonal rainfall sums for Syracuse and Oswego during the months of August, 
September, and October.  
 Unexpectedly, Lowville rainfall (171.4 inches) still exceeds Watertown rainfall (152.7 
inches) during this time period. This is likely enhanced by the terrain. It was anticipated that 
Watertown rainfall would exceed Lowville rainfall at greater negative temperature differences 
(inland air temperature – lake water temperature). The results show significance across all 
temperature differential categories; except temperature differences greater than 2.5 ℃, which did 
not have enough observations to test. It was also expected that north and west winds would be 
more likely to result in greater precipitation in Watertown as compared to Lowville; however, 
this is not the case. As mentioned earlier, this is likely due to the increase in elevation around 
Lowville. North and west winds still appear to relate to increased rainfall farther inland, while 
east and south winds seem to generally relate to more rainfall near the shore. 
 Oswego (163.2 inches) did record more rainfall than Syracuse (156.8 inches). It was 
anticipated that Oswego rainfall would exceed Syracuse rainfall, particularly at greater negative 
temperature differences. The results show significant rainfall variation at temperature differences 
between -2.5 ℃ and -7.5 ℃. It was also expected that north and west winds would be more likely 
to result in greater precipitation in Oswego as compared to Syracuse. North winds did not reveal 
any significance; however, west winds did show greater rainfall in Oswego. It does appear that 
greater temperature differentials do lead to greater significance (lower p-values).  
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Table 22: The results (p-values) of the Mann-Whitney U Test for Lowville and Watertown during the months August, September, 
and October. Given the position of the stations relative to Lake Ontario, north and west winds were presumed to cause the 
greatest difference between stations. Yellow indicates a significant result. 
Mann-Whitney U 
Test 
-2.5 < ∆T < 2.5 
(℃) 
-2.5 > ∆T > -7.5 
(℃) 
∆T < -7.5 (℃) ∆T > 2.5 (℃) 
North wind 0.0037 0.0081 0.0009 NA 
East wind NA 0.0583 0.0794 NA 
South wind 0.0243 0.0035 0.2469 NA 
West wind 0.0033 0.0002 0.1891 NA 
No wind (< 2.2 m/s) 0.7006 0.2410 1.0000 NA 
Table 23: The results (p-values) of the Binomial Test for Lowville and Watertown during the months August, September, and 
October. Given the position of the stations relative to Lake Ontario, north and west winds were presumed to cause the greatest 
difference between stations. Green indicates that the inland station exceeded the near-shore station in rainfall for a significant 
number of years. Gray indicates that the near-shore station exceeded the inland station in rainfall for a significant number of 
years. 
Binomial Test -2.5 < ∆T < 2.5 
(℃) 
-2.5 > ∆T > -7.5 
(℃) 
∆T < -7.5 (℃) ∆T > 2.5 (℃) 
North wind 0.0016 0.0009 0.0009 NA 
East wind NA 0.0056 0.0002 NA 
South wind 0.0009 0.0009 0.0222 NA 
West wind 0.0222 0.0001 0.0611 NA 
No wind (< 2.2 m/s) 0.0611 0.2095 0.1833 NA 
Table 24: The results (p-values) of the Mann-Whitney U Test for Syracuse and Oswego during the months August, September, 
and October. Given the position of the stations relative to Lake Ontario, north and west winds were presumed to cause the 
greatest difference between stations. Yellow indicates a significant result. 
Mann-Whitney U 
Test 
-2.5 < ∆T < 2.5 
(℃) 
-2.5 > ∆T > -7.5 
(℃) 
∆T < -7.5 (℃) ∆T > 2.5 (℃) 
North wind 0.9062 0.3231 NA NA 
East wind 0.7000 0.2071 NA NA 
South wind 0.6792 0.8719 NA 0.8777 
West wind 0.2506 0.0731 NA NA 





Table 25: The results (p-values) of the Binomial Test for Syracuse and Oswego during the months August, September, and 
October. Given the position of the stations relative to Lake Ontario, north and west winds were presumed to cause the greatest 
difference between stations. Green indicates that the inland station exceeded the near-shore station in rainfall for a significant 
number of years. Gray indicates that the near-shore station exceeded the inland station in rainfall for a significant number of 
years. 
Binomial Test -2.5 < ∆T < 2.5 
(℃) 
-2.5 > ∆T > -7.5 
(℃) 
∆T < -7.5 (℃) ∆T > 2.5 (℃) 
North wind 0.1934 0.1222 NA NA 
East wind 0.2095 0.0222 NA NA 
South wind 0.1222 0.1833 NA 0.2095 
West wind 0.0611 0.0222 NA NA 
No wind (< 2.2 m/s) 0.0611 0.1222 NA NA 
 
 Another point that should be discussed and considered for future research is the Great 
Lakes as a system, which is related to the synoptic rainfall mechanisms previously discussed in 
Section 4.3. Air masses which have moved across the northern Great Lakes can precondition the 
atmosphere around some of the sites included in this study. For example, Lake Huron and 
Georgian Bay, located approximately 300 km northwest of Albion and Batavia, are separated by 
an approximately 20-km-wide peninsula, called Bruce Peninsula. This area, like the Upper 
Peninsula of Michigan, is an example of an area where lake breezes converge. Of importance, is 
the potential for the formation of convective structures known as, horizontal convective rolls 
(HCRs), above Bruce Peninsula. High surface heat flux and low-level wind speeds within the 
boundary layer have been documented in the literature as favorable conditions for the 
development of HCRs (Kristovich and Laird, 1999). These conditions create vertical instability 
and when capped by an inversion layer, can lead to HCRs. 
 The formation of HCRs over Bruce Peninsula is significant because they have the 
potential to impact areas downwind, such as Albion and Batavia during a synoptic northwest 
wind, and precipitation from HCRs could mask Lake Ontario influences. Therefore, although it 
might be anticipated that Batavia would receive more rainfall than Albion during a northwest 
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wind moving inland from the lake, in the presence of HCRs, both stations might be equally 
impacted by the rain event. Similar variability in rainfall around the Niagara area could be 
partially attributed to HCRs.  
 Such meso-α (200 to 2,000 km) impacts should be incorporated into future analysis. To 
do so, numerical atmospheric model data could be obtained from the North American Mesoscale 
Forecast System (NAM) or the Rapid Refresh (RAP) models run by the National Centers for 
Environmental Prediction (NCEP). This high-resolution gridded data includes parameters such 
as radar reflectivity, moisture observations, and turbulent kinetic energy among many others 
which are used to create model forecasts (“Model Datasets,” n.d.). Including this data in future 
analysis of the Great Lakes region could provide a clearer understanding of how atmospheric 
moisture in the region moves as a system. 
 Finally, alternative methods for statistical analysis could be considered. For example, the 
Mann-Whitney U Test used in this study compares independent samples. The Wilcoxin Signed 
Rank Test is another nonparametric test that is used to compare paired samples. The results of 
the Wilcoxin Signed Rank Test for Lowville and Watertown during MJJ are presented in Table 
26. Categories resulting in significant differences in rainfall are similar to those of the Mann-
Whitney U Test performed for Lowville and Watertown during MJJ. The Wilcoxin Signed Rank 
Test showed significance in two additional categories: north winds with a temperature 
differential greater than 7.5 ℃ and ‘no wind’ conditions with a temperature differential between 




Table 26: The results (p-values) of the Wilcoxin Signed Rank Test for Watertown and Lowville during the months May, June, and 
July. Given the position of the stations relative to Lake Ontario, north and west winds were presumed to cause the greatest 
difference between stations. Yellow indicates a significant result. 
Wilcoxin Signed 
Rank Test 
-2.5 < ∆T < 2.5 
(℃) 
2.5 < ∆T < 7.5 
(℃) 
∆T > 7.5 (℃) ∆T < -2.5 (℃) 
North wind 0.0831 0.0367 0.0331 NA 
East wind 0.0367 0.4409 NA NA 
South wind 0.0017 0.0353 0.1531 NA 
West wind 0.0085 0.0012 0.0033 NA 







5.   Conclusions 
 There is generally a need for more data stations to properly assess the primary 
mechanisms involved in the near-shore rainfall deficit. Additional data stations could also be 
useful in empirically defining a boundary for lake-effect conditions. This analysis shows mixed 
results; while some locations do confirm the relationships between wind, air-lake temperature 
differences, and rainfall, they are not the only factors contributing to rainfall variations.  
 As made clear by this study, there needs to be a well-defined method for distinguishing 
between meso-β, meso-α, and synoptic weather events and incorporating all interactions into 
analysis. Focusing only on lake breezes is complicated, since they are not always related to 
rainfall events. It is also not clear whether lake breezes could initiate convective rainfall when 
more regional atmospheric conditions are not conducive to rainfall. Further investigation of the 
extent to which lake breezes contribute to rainfall events should be conducted to improve 
understanding. Numerical atmospheric model data could be a promising place to start when 
considering the varying scales of atmospheric movement occurring in the Great Lakes region.  
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Environmental Scientist, ATC Group Services | Columbia, Maryland | 2016 to 2018 
• Conducted site assessments of commercial and industrial properties and completed Phase I 
Environmental Site Assessment reports  
• Assisted with some Phase II duties as well as stormwater sampling 
Lab Technician, Joint Analytical Services Laboratory | UMD | 2016 
• Tested eagle plasma for organochlorines using gas chromatography 
Intern, Ocean Mammal Institute | Maui, Hawaii | January 2016 
• Conducted field study of whales using a theodolite to assess boat impacts on whale behaviors 
Project Team Member, Living Umbrella Project | UMD | 2015 to 2016 
• Measured the Leaf Area Index of plants to determine the optimum species to be used as canopy 





Rainfall sums for Lowville (Low) and Watertown (Wat) during May, June, and July of 2002 to 2015. 
Sums -2.5 < ∆T < 2.5 
(℃) 
2.5 < ∆T < 7.5 
(℃) 
∆T > 7.5 (℃) ∆T < -2.5 (℃) 
North wind Low = 6.12  
Wat = 2.07 
Low = 4.85 
Wat = 1.18 
Low = 7.15  
Wat = 3.42 
Low = 1.77  
Wat = 0.01 
East wind Low = 2.24  
Wat = 6.95 
Low = 6.4  
Wat = 8.43 
Low = 2.26  
Wat = 4.39 
Low = 0.97  
Wat = 0.57 
South wind Low = 9.64  
Wat = 21.84 
Low = 10.26  
Wat = 13.28 
Low = 10.24  
Wat = 14.06 
Low = 0.77  
Wat = 4.65 
West wind Low = 22.87 
Wat = 7.55 
Low = 16.39  
Wat = 6.03 
Low = 13.37  
Wat = 4.87 
Low = 3.03  
Wat = 0.1 
No wind (< 2.2 m/s) Low = 11.06 
Wat = 7.1 
Low = 5.32  
Wat = 3.08 
Low = 4.3  
Wat = 5.62 
Low = 2.4  
Wat = 0.61 
 
Rainfall sums for Syracuse (Syr) and Oswego (Os) during May, June, and July of 2002 to 2015. 
Sums -2.5 < ∆T < 2.5 
(℃) 
2.5 < ∆T < 7.5 
(℃) 
∆T > 7.5 (℃) ∆T < -2.5 (℃) 
North wind Syr = 3.47 
Os = 2.87 
Syr = 1.53 
Os = 1.65 
Syr = 2.1 
Os = 3.26 
Syr = 0.01 
Os = 0 
East wind Syr = 8.98 
Os = 3.06 
Syr = 14.8 
Os = 9.68 
Syr = 7.05 
Os = 4.73 
Syr = 3.3 
Os = 3.05 
South wind Syr = 10.63 
Os = 9.03 
Syr = 23.38 
Os = 20.16 
Syr = 22.13 
Os = 19.07 
Syr = 0 
Os = 0 
West wind Syr = 4.1 
Os = 8.43 
Syr = 12.14 
Os = 13.36 
Syr = 12.99 
Os = 14.43 
Syr = 0 
Os = 0 
No wind (< 2.2 m/s) Syr = 5.65 
Os = 7.16 
Syr = 10.29 
Os = 6.83 
Syr = 6.31 
Os = 2.24 
Syr = 0.26 





Rainfall sums for Batavia (Bat) and Albion (Alb) during May, June, and July of 2002 to 2015. 
Sums -2.5 < ∆T < 2.5 
(℃) 
2.5 < ∆T < 7.5 
(℃) 
∆T > 7.5 (℃) ∆T < -2.5 (℃) 
North wind Bat = 8.09 
Alb = 5.82 
Bat = 4.17 
Alb = 3.52 
Bat = 7.61 
Alb = 4.96 
Bat = 0 
Alb = 0.04 
East wind Bat = 3.5 
Alb = 1.71 
Bat = 12.17  
Alb = 10.48 
Bat = 3.17 
Alb = 2.02 
Bat = 0.03 
Alb = 0 
South wind Bat = 5.23 
Alb = 7.86 
Bat = 9.71 
Alb = 11.44 
Bat = 10.58 
Alb = 11.62 
Bat = 0 
Alb = 0  
West wind Bat = 9.94 
Alb = 10.41 
Bat = 20.02 
Alb = 15.33 
Bat = 16.23 
Alb = 14.18 
Bat = 0.44 
Alb = 0.12 
No wind (< 2.2 m/s) Bat = 6.65 
Alb = 5.91 
Bat = 7.27 
Alb = 6.71 
Bat = 5.63 
Alb = 6.1 
Bat = 0.78 
Alb = 0.58 
 
Rainfall sums for Niagara (Nia) and Youngstown (You) during May, June, and July of 2002 to 2015. 
Sums -2.5 < ∆T < 2.5 
(℃) 
2.5 < ∆T < 7.5 
(℃) 
∆T > 7.5 (℃) ∆T < -2.5 (℃) 
North wind Nia = 5.04 
You = 5.94 
Nia = 2.75  
You = 5.72 
Nia = 0.22 
You = 1.94 
Nia = 0.59 
You = 1.87 
East wind Nia = 8.61 
You = 3.21 
Nia = 5.78 
You = 3.14 
Nia = 7.76 
You = 1.65 
Nia = 0.11 
You = 0 
South wind Nia = 10.62 
You = 6 
Nia = 10.56 
You = 7.53 
Nia = 10.92 
You = 7.17 
Nia = 0.01 
You = 0 
West wind Nia = 10.7 
You = 18.39 
Nia = 11.95 
You = 24.74 
Nia = 8.26 
You = 13.33 
Nia = 0.26 
You = 0.24 
No wind (< 2.2 m/s) Nia = 11.21 
You = 5.23 
Nia = 5.8 
You = 6.53 
Nia = 6.77 
You = 6.91 
Nia = 0.01 






Rainfall sums for Niagara (Nia) and Fort Erie (Erie) during May, June, and July of 2002 to 2015. 
Sums -2.5 < ∆T < 2.5 
(℃) 
2.5 < ∆T < 7.5 
(℃) 
∆T > 7.5 (℃) ∆T < -2.5 (℃) 
North wind Nia = 4.75 
Erie = 2.77 
Nia = 0.44 
Erie = 0.14 
Nia = 0 
Erie = 0 
Nia = 3.6 
Erie = 4.47 
East wind Nia = 13.69 
Erie = 14.84 
Nia = 3.03 
Erie = 3.62 
Nia = 0 
Erie = 0 
Nia = 6.85 
Erie = 8.89 
South wind Nia = 19.02 
Erie = 22.59 
Nia = 11.95 
Erie = 16.75 
Nia = 1.88 
Erie = 3.33 
Nia = 7.46 
Erie = 3.69 
West wind Nia = 22.68 
Erie = 22.89 
Nia = 7.19 
Erie = 4.56 
Nia = 0.5 
Erie = 0.63 
Nia = 2.78 
Erie = 4.53 
No wind (< 2.2 m/s) Nia = 11.04 
Erie = 17.51 
Nia = 5.89 
Erie = 9.49 
Nia = 0.01 
Erie = 0.25 
Nia = 6.88 
Erie = 4.51 
 
Rainfall sums for Jamestown (Jam) and Erie, PA (Erie PA) during May, June, and July of 2002 to 2015. 
Sums -2.5 < ∆T < 2.5 
(℃) 
2.5 < ∆T < 7.5 
(℃) 
∆T > 7.5 (℃) ∆T < -2.5 (℃) 
North wind Jam = 20.47 
Erie PA = 3.58 
Jam = 6.13 
Erie PA = 1.82 
Jam = 2.78 
Erie PA = 0.71 
Jam = 4.46 
Erie PA = 0.09 
East wind Jam = 7.61 
Erie PA = 11.45 
Jam = 5.15 
Erie PA = 7.08 
Jam = 0.27 
Erie PA = 0.28 
Jam = 2.37 
Erie PA = 2.21 
South wind Jam = 19.45 
Erie PA = 29.78 
Jam = 9.23 
Erie PA = 23.04 
Jam = 1.55 
Erie PA = 3.52 
Jam = 3.83 
Erie PA = 8.11 
West wind Jam = 42.84 
Erie PA = 27.43 
Jam = 26.93 
Erie PA = 9.82 
Jam = 0.86 
Erie PA = 1.52 
Jam = 11.55 
Erie PA = 8.26 
No wind (< 2.2 m/s) Jam = 19.32 
Erie PA = 9.4 
Jam = 7.79 
Erie PA = 5.66 
Jam = 1.05 
Erie PA = 0.9 
Jam = 11.24 






Rainfall sums for Lowville (Low) and Watertown (Wat) during August, September, and October of 2002 
to 2015. 
Sums -2.5 < ∆T < 2.5 
(℃) 
-2.5 > ∆T > -7.5 
(℃) 
∆T < -7.5 (℃) ∆T > 2.5 (℃) 
North wind Low = 10.64 
Wat = 2 
Low = 15.77 
Wat = 5.22 
Low = 4.96 
Wat = 1.28 
Low = 0 
Wat = 0 
East wind Low = 8.23 
Wat = 12.4 
Low = 9.02 
Wat = 16.28 
Low = 0.42 
Wat = 2.61 
Low = 0 
Wat = 0 
South wind Low = 7.46 
Wat = 20.56 
Low = 12.68 
Wat = 30.63 
Low = 3.89  
Wat = 7.76 
Low = 4.65 
Wat = 3.86 
West wind Low = 25.49 
Wat = 9.75 
Low = 25.58 
Wat = 10.17 
Low = 7.89  
Wat = 2.79 
Low = 0.58 
Wat = 0.48 
No wind (< 2.2 m/s) Low = 15.55 
Wat = 12.87 
Low = 15.11  
Wat = 8.15 
Low = 1.9  
Wat = 1.39 
Low = 0.3  
Wat = 2.32 
 
Rainfall sums for Syracuse (Syr) and Oswego (Os) during August, September, and October of 2002 to 
2015. 
Sums -2.5 < ∆T < 2.5 
(℃) 
-2.5 > ∆T > -7.5 
(℃) 
∆T < -7.5 (℃) ∆T > 2.5 (℃) 
North wind Syr = 2.84 
Os = 3.92 
Syr = 9.42 
Os = 14.47 
Syr = 2.22 
Os = 2.78 
Syr = 0 
Os = 0 
East wind Syr = 7.66 
Os = 6 
Syr = 20.65 
Os = 9.57 
Syr = 1.72 
Os = 1.24 
Syr = 1.28 
Os = 2.89 
South wind Syr = 38.19 
Os = 35.01 
Syr = 12.35 
Os = 11.11 
Syr = 0.23 
Os = 0 
Syr = 12.92 
Os = 8.79 
West wind Syr = 16.45 
Os = 25.72 
Syr = 10.31 
Os = 24.34 
Syr = 0.56 
Os = 2.18 
Syr = 4.91 
Os = 3.1 
No wind (< 2.2 m/s) Syr = 9.97 
Os = 6.58 
Syr = 3.77 
Os = 4.68 
Syr = 0 
Os = 0 
Syr = 1.39 
Os = 0.82 
 
